Fat---properly defined as adipose tissue---is a biological caloric reservoir that expands in response to overnutrition and releases lipids in response to energy deficit. Adipocytes represent the primary cell type of adipose tissue and are responsible for storing excess calories as triglycerides in their cellular lipid droplets without the common lipotoxicity experienced by other cells under these conditions ([@bib70]). This unparalleled capacity for lipid storage and release upon systemic metabolic demand links the cell biology of the adipocyte and adipose tissue physiology to whole body metabolism ([Fig. 1](#fig1){ref-type="fig"}).

![**Benign and unhealthy adipose tissue.** The overall health of adipose tissue can be visualized histologically. Benign murine subcutaneous adipose tissue (left; trichrome staining) is rich in unilocular white adipocytes with sparse ECM. On high-fat feeding (right), adipose tissue experiences hypoxia and inflammation, resulting in a dense, fibrous ECM. These histological tissue features are characteristic of insulin-resistant adipocytes.](JCB_201409063_Fig1){#fig1}

Adipocytes exist in a spectrum of subtypes, identified by color, from white to brown ([Box 1](#box1){ref-type="boxed-text"}). White adipocytes, which are the focus of this review, constitute the classical fat cell and represent the majority of cells in visceral and subcutaneous adipose depots---the depots most noted for expansion with obesity. Brown adipocytes encompass smaller brown fat depots that play a role in thermogenesis in most mammalian species. Changes in adipocyte metabolism and nutrient handling are the basis for much of the pathophysiology associated with the metabolic syndrome, a condition encompassing multiple metabolic abnormalities including obesity, dyslipidemia (elevated circulating lipids), hyperglycemia (elevated blood glucose), hyperinsulinemia (elevated circulating insulin), and insulin resistance ([@bib32]; [@bib128]). Adipocytes are also highly active secretory cells, producing proteins and hormones that function far beyond metabolism. An array of adipocyte-secreted factors contribute to immunity, inflammation, vasculogenesis, and matrix remodeling ([@bib128]). Subcutaneous adipose tissue also serves as an immune barrier ([Box 2](#box2){ref-type="boxed-text"}) and secretes molecules, such as complement factors, that play a role in innate immunity ([@bib87]; [@bib20]). Individual factors in the adipocyte secretome, termed adipokines (such as leptin and adiponectin), have a broad range of system-wide actions. Leptin, for example, signals in the hypothalamus to mediate food intake and adiponectin induces insulin sensitivity through action in the liver and skeletal muscle. Adipokines also correlate with multiple pathological states aside from the metabolic syndrome, such as cancer and osteoporosis (for review see [@bib15]; [@bib32]; [@bib155]). Increased focus on the biogenesis of adipokines has identified basic mechanisms within the secretory machinery of the adipocyte that regulate the translation and release of factors from the cell ([Box 3](#box3){ref-type="boxed-text"}). The metabolic and redox states of the individual adipocyte dictate the composition of this secretome, and changes in the adipose tissue adipokine secretion profile occur with altered metabolic demand and fat expansion or reduction ([@bib19]). Local adipocyte physiology is thus communicated systemically with potentially beneficial or detrimental effects.

Box 1. The adipocyte color spectrum.
====================================

Classical white adipocytes appear white due to their lipid content. In contrast, the high abundance of cytochromes in mitochondria-rich brown adipocytes gives the tissue a "brown" appearance. Additional differences between white and brown adipocytes reflect their unique progenitor populations. Recent studies have identified vascular pericyte stem cells and muscle stem cells as white and brown adipocyte progenitors, respectively ([@bib115]; [@bib135]; [@bib49]). Although this review focuses on the traditionally underappreciated white adipocyte lipid metabolism, brown adipocytes are metabolic powerhouses. Brown adipose fatty acid uptake and metabolism are critical for maintaining normal circulating lipid levels ([@bib36]; [@bib10]). Expression of mitochondrial UCP1 protein is requisite in brown adipocyte identity ([@bib97]). However, a "brown" adipose tissue profile, and "browning" of white adipocytes with increased UCP1 expression occurs under numerous adrenergic, thermogenic, and protein/hormonal stimuli (for review see [@bib98]). White adipose depots thus appear to be a collection of white and "beige/brite" cells (exhibiting white and brown characteristics) capable of dynamic changes in their thermogenic profile. Whether "beige/brite" cells are derived from a common white or unique beige progenitor pool continues to be debated, though recent studies support a separate origin for these cells ([@bib45]; [@bib145]; [@bib154]; [@bib84]).

Box 2. Did you know?
====================

Chagas disease is endemic in Latin America, where the protozoan parasite *Trypanosoma cruzi* is transmitted by the triatomine bug. In the initial steps of infection, *T. cruzi* enters subcutaneous adipose tissue, a mechanism readily confirmed in infected 3T3-L1 adipocyte culture ([@bib29]; [@bib91]). Adipose tissue can host *T. cruzi* for decades, protecting the infected from Chagas disease progression to cardiovascular death ([@bib37]; [@bib94]). Interestingly, Chagas disease increases the incidence of hyperglycemia in human correlation studies and, experimentally, hyperglycemic mice harbor increased parasitic loads and exhibit increased mortality upon *T. cruzi* infection ([@bib6]; [@bib136]). Conversely, *T. cruzi* infection into wild-type mice induced hypoglycemia through pancreatic inflammation ([@bib29]; [@bib95]). Altered glucose homeostasis in Chagas disease is thus due at least in part to a direct infection of adipocytes; how adipokines or the unique lipid biology of adipocytes promote *T. cruzi* infection remains to be fully understood ([@bib92], [@bib93]). The figure shows a scanning electron micrograph of a single worm (highlighted in green) exiting a 3T3-L1 adipocyte. This research was originally published in *The Journal of Biological Chemistry* ([@bib29]). Image © American Society for Biochemistry and Molecular Biology.

Box 3. Does the adipocyte have a triggered exocytic pathway?
============================================================

Despite the resemblance between Glut4 vesicular trafficking and a triggered exocytic pathway analogous to neurotransmitter release, to date there is very little direct evidence that such a classical triggered exocytic pathway even exists in adipocytes. However, upon closer inspection, there are examples that suggest the adipocyte has the ability to rapidly respond through triggered exocytic events. For example, β3-adrenergic stimulation of murine adipose tissue rapidly triggers the release of insulin from the pancreatic-β cell within 2--5 min ([@bib47]). It is at this time not resolved whether this includes the release of a soluble factor from the adipocyte or whether the rapid kinetics are caused by neuronally mediated effects in the tissue. We know that the adipocyte has devised "alternative" approaches to triggered rapid release of proteins. For both lipoprotein lipase and adiponectin, significant intracellular stores exist in the late ER or early Golgi compartments ([@bib112]; [@bib146]) that could undergo a triggered release. For example, FGF21 rapidly triggers a burst of release of adiponectin from the adipocyte. This reserve shortens the response time; transcriptional activation, translation, and translocation into the ER followed by assembly of higher-order complexes would take adiponectin 10--45 min to reach the plasma membrane ([@bib62]).

The adipocyte in the maintenance of systemic energy homeostasis
===============================================================

Adipose tissue is remarkably flexible in terms of energy storage and release. Responding to hormonal and energetic cues, it serves as source of energy-rich fatty acids during times of negative energy balance, reducing its lipid store and releasing fatty acids to target tissues in need of energy. In contrast, adipocyte lipid uptake, esterification, and storage in the form of triglyceride within the lipid droplet allows for expansion of adipose tissue, a beneficial, adaptive response to overnutrition that can prevent ectopic lipid deposition and lipotoxicity in other cell types. Once thought to be an inert storage site for lipid, we now know that the lipid droplet is an active player in maintaining systemic energy homeostasis. The large, unilocular lipid droplet occupies the majority of the adipocyte, placing the droplet's borders within close proximity of the ER and mitochondria, where triglycerides are esterified and hydrolyzed, respectively.

Adipose tissue lipolysis and mitochondrial fatty acid oxidation.
----------------------------------------------------------------

Triglyceride stored within the lipid droplet is hydrolyzed to fatty acids and released to fuel peripheral tissues upon metabolic demand ([Fig. 2](#fig2){ref-type="fig"}). The lipid droplet surface contains structural proteins and metabolic enzymes specific to the adipocyte that respond to hormonal stimulation of lipolysis by increasing expression and through recruitment of additional proteins required for lipolysis ([@bib18]). The second messenger cAMP activates lipolytic enzymes via stimulation of the cAMP-dependent kinase, also referred to as protein kinase A (PKA), and thus plays a crucial role in the regulation of lipolysis ([@bib161]). β-Adrenergic (β-AR) signaling stimulates lipolysis through multiple signaling pathways, each of which is dependent on the phosphorylation of the lipid droplet membrane protein perilipin 1 (Plin1). Originally identified as a scaffolding protein, Plin1 is highly enriched in white adipocytes. As a mediator of protein--protein interactions during lipolysis, Plin1 plays a central role in regulating the hydrolysis of triglyceride molecules ([@bib30]; [@bib132]). In fact, adipocytes isolated from Plin1-null mice display constitutively active lipolysis that is nonresponsive to isoproterenol, a β-AR agonist ([@bib137]). In the basal or anabolic state, lipolysis is inhibited by insulin and Plin1 is bound to comparative gene identification-58 (CGI-58), the coactivator of adipose triglyceride lipase (ATGL), the rate-limiting enzyme of lipolysis. Upon β-AR signaling and PKA activation, Plin1 is phosphorylated by PKA, which stimulates the release of CGI-58, activating ATGL that moves to the lipid droplet surface to hydrolyze the first fatty acid from the triglyceride ([@bib76]). Also phosphorylated by PKA, hormone-sensitive lipase (HSL) binds Plin1 and hydrolyzes the resulting diacylglycerol to a monoacylglycerol, which is subsequently hydrolyzed, producing a third fatty acid and glycerol molecule. Fatty acids and glycerol are released from adipose tissue for systemic utilization.

![**Expansion and reduction of the adipocyte.** Sources of fatty acids for triglyceride synthesis within the adipocyte include exogenous NEFAs from the diet and those synthesized via de novo lipogenesis in the hepatocyte and adipocyte. NEFAs can enter the adipocyte via FATPs. In the presence of glucose, insulin binds to its receptor, stimulating the translocation of GLUT-4 transporters from the cytosol to the cell membrane. Increased flux through glycolysis leads to excess citrate generated in the TCA cycle, which is diverted into the cytosol for fatty acid synthesis. To synthesize triglyceride, three NEFAs are esterified to a glycerol backbone, and the triglyceride is processed through the ER for storage within the lipid droplet. In the expansive state, lipolysis is inhibited by insulin. PLIN1 is bound to CGI-58, the co-activator of ATGL, the rate-limiting enzyme of lipolysis. Through insulin-stimulated activation of phosphodiesterase 3B (PDE3B), which controls intracellular cAMP pools by converting cAMP to the inactive 5′ AMP, insulin prevents the phosphorylation of ATGL and HSL. Insulin also acts on the adipocyte via glucose flux to lactate to inhibit lipolysis indirectly via a lactate/GPR81-dependent inhibition of cAMP. In the lipolytic state, triglycerides are hydrolyzed to release NEFAs, and the size of the lipid droplet is reduced. Via β-AR signaling, Plin1 and HSL are phosphorylated by PKA, stimulating the release of CGI-58. ATGL moves to the lipid droplet surface to hydrolyze the first fatty acid from the triglyceride. Phosphorylated HSL binds Plin1 and hydrolyzes the resulting diacylglycerol to a monoacylglycerol, which is subsequently hydrolyzed by monoacylglycerol lipase (MGL), producing a third fatty acid and glycerol molecule. NEFAs are either exported to other tissues to undergo β-oxidation or re-esterification, or undergo β-oxidation within the mitochondrial matrix of adipocyte. Glycerol is transported to the liver, where it can be converted to glycolytic intermediates or phosphorylated to G3P for triglyceride synthesis (see text for details).](JCB_201409063R_Fig2){#fig2}

The metabolism of fatty acids to acetyl-coA for subsequent generation of energy (ATP and NADH) occurs primarily in the mitochondrial matrix of all oxidative tissues, but has been underappreciated as a significant part of white adipocyte metabolism. White adipocytes undergo mitochondrial expansion and exhibit increased β-oxidative capacity during differentiation, as indicated by increased expression of PGC1α, a regulator of mitochondrial biogenesis ([@bib151]; [@bib53]; [@bib86]). Before entering the mitochondria for β-oxidation, fatty acids are activated to form fatty acyl-CoAs and are subsequently transported through the outer mitochondrial membrane via carnitine palmitoyl transferase-1 (CPT-1), the rate-limiting step of β-oxidation. Importantly, the activity of CPT-1 is inhibited by malonyl-CoA, an intermediate substrate of de novo lipogenesis. This prevents the oxidation of fatty acids when the cell is in a lipogenic state. Adipocytes lose oxidative capacity and insulin sensitivity in the obese and diabetic state ([@bib24]; [@bib66]), and targeting the oxidative metabolism of the adipocyte has demonstrated efficacy in treating type 2 diabetes. For example, peroxisome proliferator-activated receptor γ (PPARγ), a master transcriptional regulator of the adipogenic gene program, is the target of insulin-sensitizing thiazolidinedione drugs. Agonism of PPARγ has been shown to increase adipocyte oxidative potential and mitochondrial biogenesis ([@bib151]; [@bib17]). Furthermore, transgenic mice lacking PGC1α, the coactivator of PPARγ, demonstrate reduced oxidative capacity and insulin resistance ([@bib69]).

Insulin action on the adipocyte
===============================

Glucose transporter type 4 (GLUT-4)--mediated glucose transport.
----------------------------------------------------------------

Insulin signaling plays an important regulatory role in adipocyte metabolism by promoting the synthesis and storage of macronutrients and inhibiting their catabolism. In the fed state, high levels of circulating insulin bind to its receptor on adipocytes and signal the translocation of GLUT-4 transporters from the cytosol to the cell membrane, thereby allowing enhanced flux of glucose into the cell ([@bib65]). Insulin affects GLUT-4 trafficking in three ways: increased exocytosis, decreased endocytosis, and increased GLUT-4 recycling at the cell surface ([@bib125]). Insulin-stimulated GLUT-4 appears to be the predominant glucose transporter in the adipocyte despite the constitutive presence of GLUT-1 transporters on the adipocyte membrane. In fact, adipose tissue--specific deletion of GLUT-4 induces hepatic and skeletal muscle insulin resistance in mice ([@bib1]), demonstrating the crucial role that adipocyte GLUT-4--mediated glucose uptake plays in maintaining systemic glucose homeostasis. Genetic or pharmacologic manipulations of the insulin receptor signaling cascade, such as targeting AMPK ([@bib157]) or the use of thiazolidinedione drugs ([@bib152]), alters the efficacy of insulin signaling and GLUT-4 expression and localization, exerting profound effects on adipocyte metabolism. As such, glucose is more than just a source of ATP to the adipocyte. Dihydroxyacetone phosphate, generated during glycolysis, is converted to glycerol-3-phosphate (G3P), and serves as the backbone for triglyceride synthesis and storage ([Fig. 2](#fig2){ref-type="fig"}). A study examining glucose and triglyceride turnover in adipose tissue during fasting in humans determined that 20--25% of the glucose taken up into adipocytes is subsequently used for triglyceride synthesis ([@bib41]). Although free glycerol is generated during lipolysis, adipocytes lack glycerol kinase, the enzyme that phosphorylates glycerol to G3P. Hence, glucose uptake and the reaction generating G3P are critical to adipocyte lipid packaging ([@bib48]; [@bib133]). For example, mice with adipocyte-specific deletion of insulin receptor are resistant to diet-induced and age-related obesity. Reduced adipocyte glucose uptake and triglyceride storage contribute to this phenotype ([@bib16]). Furthermore, increased adipocyte GLUT4 expression in transgenic mice enhances glucose uptake and leads to adipocyte hyperplasia via enhanced fatty acid esterification ([@bib119]; [@bib56]). When cellular glucose levels are low, however, adipocytes can use noncarbohydrate precursors such as lactate or amino acids to generate G3P via glyceroneogenesis ([@bib39]).

Insulin and the regulation of lipolysis.
----------------------------------------

Insulin also acts on the adipocyte to suppress lipolysis during the fed state. This is accomplished in several ways. Through Akt-mediated phosphorylation and activation of phosphodiesterase 3B (PDE3B), which controls intracellular cAMP pools, insulin exerts its antilipolytic effects by inactivating cAMP, preventing the phosphorylation, and thus activation, of ATGL and HSL ([@bib22]; [Fig. 2](#fig2){ref-type="fig"}). More recently, it has been demonstrated that insulin also suppresses lipolysis indirectly as a result of GLUT-4--mediated increased glucose flux through glycolysis. Glucose is metabolized to pyruvate, which then fluxes through the TCA cycle. However, a portion of this pyruvate is metabolized to lactate. Lactate exits the adipocyte and mediates insulin-dependent inhibition of lipolysis through an autocrine lactate loop. Lactate binds to the G protein--coupled receptor GPR81 to inhibit the formation of cAMP, and the downstream activation of PKA ([Fig. 2](#fig2){ref-type="fig"}; [@bib4]).

Overnutrition and adipose tissue expansion
==========================================

In response to overnutrition, excess energy stores partition into the adipocyte. Energy harvested in fatty acids either directly from the diet or via de novo lipogenesis in hepatocytes or adipocytes is esterified into triglyceride and stored within the lipid droplet, yielding expansive adipose tissue. Nonesterified fatty acids (NEFAs) are taken up from the extracellular pool through several fatty acid binding and transport proteins. CD36 and several members of the fatty acid transport protein (FATP) family are highly expressed in adipocytes and are essential for fatty acid sequestration. Mice with global deletion of CD36, for example, take up only 30--40% of labeled fatty acids compared with control littermates ([@bib26]). Adipocytes with reduced FATP1 levels exhibit a 25% reduction in fatty acid uptake in vitro ([@bib83]), and insulin-stimulated long chain fatty acid uptake is absent from FATP1-null adipocytes ([@bib153]).

Upon transport into the adipocyte, NEFAs are esterified to a glycerol backbone, thus forming the triglyceride for storage within the lipid droplet of the adipocyte. Enzymes that catalyze the esterification of fatty acids to triglyceride are regulated through PPARγ ([@bib38]), and genetically manipulating the expression of these enzymes leads to significantly impaired lipid accumulation and reduced adipogenic gene expression in 3T3-L1 adipocytes ([@bib118]). Humans and rodents with impaired enzymatic activity for fatty acid esterification are lipodystrophic, highlighting the importance of this process to retain metabolically flexible adipose tissue expansion and function ([@bib2]; [@bib144]; [@bib3])

Lipid droplet expansion.
------------------------

The fundamental mechanisms that regulate adipocyte lipid droplet formation and expansion are conserved across mammalian cells ([@bib126]). The lipid monolayer membrane derives from the ER membrane. The mechanisms by which membrane-associated proteins target the newly formed droplet and how the droplet membrane mechanically functions are questions that are still being elucidated ([@bib34]). However, the lipid droplet--associated proteome has been investigated in detail, and adipocyte-specific proteins, such as the previously discussed Plin1, are crucial for the metabolic flexibility of adipocyte lipid storage and metabolism ([@bib18]; [@bib34]). Fat-specific protein (FSP) 27/Cidec (Fsp27) plays an important role in lipid droplet formation ([@bib106]). A recent report found that Plin1 serves as an Fsp27 activator, increasing Fsp27-mediated lipid exchange, lipid transfer, and droplet growth ([@bib130]). This dual role of Plin1 in the regulation of adipose tissue lipolysis and lipid droplet expansion highlights the importance of lipid droplet proteins in the maintenance and the regulation of adipocyte metabolism. Indeed, mice with adipocyte-specific deletion of the *Fsp27* gene have impaired lipid storage capacity, as indicated by small adipocyte size, resistance to weight gain upon high fat feeding, hepatic steatosis (fat accumulation in the liver), dyslipidemia, and systemic insulin resistance ([@bib134]). This study supports the notion that expansion of the lipid droplet, and thus adipose tissue as a whole, can be protective against the metabolic abnormalities associated with excess caloric intake. Additional studies have demonstrated that the ability of adipocytes to expand the lipid droplet while maintaining insulin sensitivity conveys a protective, adaptive role ([@bib73]). An area of great interest, and much debate, is adipocyte hyperplasia, or adipogenesis, in addition to hypertrophy as a mechanism for increased lipid sequestration and fat expansion ([Box 4](#box4){ref-type="boxed-text"}). As such, these states of increased fat mass with preserved metabolic fitness have been referred to as "healthy" expansion of adipose tissue.

### Box 4. Hypertrophy versus hyperplasia.

Expanding fat mass requires either increased adipocyte size (hypertrophy) or increased adipocyte number (hyperplasia). Mechanisms that regulate adipocyte lipid storage permit hypertrophy with increased nutrient load. However, large, hypertrophic adipocytes face limits of expansion based on multiple factors, including hypoxia and differential matrix mechanics ([@bib51]) that result in dysfunctional adipocytes. Genetic mouse models to test these expansion limits by targeting HIF1α targets ([@bib130]), reducing ECM deposition ([@bib67]), or protecting adipocytes from fatty acid oxidation ([@bib73]) have been successful in demonstrating "healthy" hypertrophy. Alternatively, adipocyte hyperplasia may present a mechanism for healthy fat storage capacity ([@bib162]). Mature adipocytes are terminally differentiated cells. However, adipocyte precursors have been identified in adipose tissue that differentiate into fully mature white adipocytes under metabolic stimulation or PPARγ activation, both in vitro and in the mouse ([@bib111]; [@bib135]; [@bib49]). Although the relative turnover rate of mature adipocytes or induction of adipogenesis in the adult may be low ([@bib123]), an increasing genetic toolkit for lineage tracing experiments will permit advanced studies of the conditions and depots most primed for healthy expansion through hyperplasia ([@bib78]; [@bib148]).

Consequences of fat expansion
=============================

"Healthy" expansion of adipose tissue and the prevention of ectopic lipid deposition.
-------------------------------------------------------------------------------------

The most commonly known metabolic consequence of obesity is insulin resistance. This manifests itself as hyperinsulinemia in the presence of hyperglycemia and dyslipidemia. In systemic insulin resistance, the absence of these downstream effects of insulin signaling permits unregulated adipose tissue lipolysis, resulting in the ectopic deposition of lipid in nonadipose tissues, further exacerbating systemic insulin resistance. In fact, such dysregulated adipocyte lipolysis is implicated as the primary source of NEFA flux to the liver, which promotes nonalcoholic fatty liver disease (NAFLD) and hepatic insulin resistance, leading to an impairment of insulin actions to inhibit gluconeogenesis ([@bib113]).

Recent studies have shown that obesity-associated insulin resistance, hepatic steatosis, fibrosis, and systemic inflammation can be prevented by manipulating energy metabolism in the adipocyte to drive lipid droplet expansion. Adipose tissue overexpression of phosphoenolpyruvate carboxykinase (PEPCK), the rate-limiting enzyme in glyceroneogenesis ([@bib39]), leads to obesity without associated insulin resistance in the mouse by increasing glycerol-3-phosphate substrate for re-esterification, thereby reducing NEFA release and increasing adipocyte triglyceride storage ([@bib40]; [@bib138]). Eliminating PPARγ binding sites in the PEPCK gene leads to reduced PEPCK levels in adipocytes and was associated with profound insulin resistance, demonstrating that adipocyte glycerogenesis is protective ([@bib89]). Silencing mitochondrial PEPCK lowered circulating glucose and triglyceride, as well as adipose tissue mass in the rat ([@bib124]). Similarly, a reduction in adipocyte mitochondrial membrane potential through overexpressing the mitochondrial protein mitoNEET led to reduced fatty acid oxidation, increased PEPCK expression, increased adipocyte triglyceride storage, and insulin sensitivity in obese mice ([@bib73]). Other disruptions in adipocyte mitochondrial function have also led to adipocyte triglyceride accumulation ([@bib143]; [@bib147]). Despite the advantages of an expanding adipocyte, overwhelming the cell with lipid is a challenge to the adipocyte characterized by reactive oxygen species (ROS) generation and leads to ER stress and increased lipid "spillover" ([@bib71]; [@bib43]; [@bib72]).

This "lipid spillover" to other cell types, leading to ectopic lipid deposition, is partially causative for the collective pathologies that encompass the metabolic syndrome ([@bib140]). Clinically, ectopic lipids are most obviously concurrent with obesity in the diagnosis of NAFLD. A subset of patients, however, experience the metabolic syndrome through acquired or genetic lipodystrophies in which adipocytes fail to properly store lipids. Mutations in genes governing proteins that regulate adipogenesis, lipid metabolism, and lipid droplet formation, such as caveolin-1 (Cav1; [Box 5](#box5){ref-type="boxed-text"}), have all been identified as causing familial lipodystrophies ([@bib2]; [@bib109]; [@bib44]). Interestingly, a common cause of acquired lipodystrophy was early generation antiretroviral protease inhibitors used to combat HIV infection ([@bib44]; [@bib104]). The precise underlying mechanism of this type of lipoatrophy is unclear, but effects on adipocyte mitochondrial function may contribute ([@bib7]; [@bib104]).

### Box 5. Caveolae and adipocyte biology.

Adipocyte plasma membranes are rich in caveolae, occupying up to 30% of the membrane surface ([@bib35]). These microdomain structures are up-regulated in the plasma membrane of adipocytes concurrent with adipogenesis ([@bib114]). Cavin-1 and Cav1, which are both required for caveolae formation, are enriched in adipocytes and critical for a host of its metabolic functions ([@bib107]; [@bib35]). Adipocyte Glut4 translocation and insulin--glucose responsiveness are in part caveolae dependent ([@bib120]; [@bib160]), and Cavin-1-- and Cav1-null mice demonstrate insulin resistance with reduced adipocyte glucose uptake ([@bib27]; [@bib82]). Fatty acid binding and transport proteins, such as CD36, localize to plasma membrane caveolae ([@bib110]; [@bib77]), and loss of caveolae reduces adipocyte fatty acid uptake ([@bib82]) and lipolysis ([@bib28]; [@bib35]). Caveolae are up-regulated with fasting to enhance fatty acid trafficking, and Cav1-null cells are more susceptible to lipotoxicity ([@bib88]). Failure to up-regulate adipocyte caveolin-1 in a mouse model of type I diabetes resulted in severe dyslipidemia and rapid adipose wasting and death ([@bib159]). Cav1-null adipocytes also exhibit increased ROS ([@bib9]) and reduced mitochondrial biogenesis ([@bib35]). In addition to nutrient handling, caveolae are also sites of membrane receptor clustering, e.g., for insulin, β-AR, and adiponectin signaling ([@bib105]; [@bib149]). Adipocytes may, therefore, serve as a model for better understanding the many roles of caveolae that are highly relevant across other areas of cell biology. The image is a transmission electron micrograph of caveolae at the adipocyte plasma membrane.

ER stress and the unfolded protein response (UPR).
--------------------------------------------------

The ER plays important roles in protein and lipid synthesis, and its dysfunction/stress has been linked to perturbed cellular metabolism and local and systemic insulin resistance ([@bib71]; [@bib81]). Communication between the ER and mitochondria likely links ER stress and mitochondrial function (or dysfunction) in driving an increase in the cell's UPR, increased ROS levels, and cellular insulin resistance ([@bib72]). Induction of ER stress activates PKA and results in increased lipolysis through Plin1 phosphorylation ([@bib33]), a potential mechanism for increased NEFA release and systemic lipotoxicity. Conversely, ER stress may enhance lipid droplet formation in an attempt to further sequester lipid ([@bib54]). ER stress also reduces adipocyte insulin sensitivity ([@bib156]) and regulates adiponectin oligomerization: increasing stress reduces high-molecular-weight forms of adiponectin ([@bib63]). Reducing ROS reverses this response ([@bib42]). As the relative abundance of adiponectin high-molecular-weight oligomers is better correlated with overall systemic insulin sensitivity than total adiponectin levels, this suggests a potential pathway by which adipocyte metabolic stress is communicated to other insulin-sensitive tissues.

Some degree of ER membrane--mediated UPR signaling may be necessary for adipogenesis and healthy function, but appears to be pathway dependent. Three distinct UPR pathways have been described. The PERK--eIF2a pathway leads to translational inhibition of adipogenesis, whereas the IREα and ATF6 pathways each appear to promote differentiation and lipid accumulation ([@bib85]; [@bib52]). Several interesting adipocyte functions have been recently attributed to IREα signaling of the UPR through Xbp1s. Although the Xbp1 pathway promotes adipogenesis ([@bib21]), the posttranslational splicing of Xbp1 to Xbp1s specifically rescues adipogenesis in Xbp1 knockout cells ([@bib116]). Xbp1s is also up-regulated in metabolically challenged adipocytes and in mammary adipose tissue during lactation ([@bib46]). Xbp1s expression in adipocytes increased insulin sensitivity in a transgenic mouse model ([@bib117]). We recently uncovered an important role for Xbp1s as a stimulator of lipolysis in a variety of metabolic states (unpublished data). Thus, it is likely that Xbp1s function in the adipocytes stretches beyond glucose metabolism.

Adipocyte ceramide sequestration.
---------------------------------

Ceramides are a class of sphingolipids strongly implicated in insulin resistance. Ceramides are formed predominantly from long-chain fatty acyl-CoA through de novo synthesis during times of intracellular fatty acid excess ([@bib58]). Much like ectopic lipid deposition, increased cellular ceramides have been linked to cellular stress responses and apoptosis ([@bib60]). The analysis of ceramide metabolism is complicated by a high flux rate through upstream and downstream enzymes. Whether adipocyte-specific ceramide accumulation may contribute to the anti-diabetic effects of healthy adipose tissue still requires further investigation.

The protective effects exerted by adipocytes through lipid handling makes them ideal for studying the pathophysiology of aberrant ceramide production. Human adipose tissue ceramide species concentrations as well as those of their regulatory enzymes are significantly altered in individuals with the metabolic syndrome ([@bib13]; [@bib14]). Ceramides directly induce cellular insulin "resistance" in adipocytes by limiting the effects of downstream insulin signaling, such as GLUT4 translocation ([@bib127]). Suppressing ceramide production or depleting its levels prevents or even enhances insulin sensitivity during fatty acid challenges ([@bib59]; [@bib75]; [@bib12]; [@bib90]). One study suggested that ceramide content was reduced with adipocyte differentiation ([@bib23]). This could simply reflect the ability of adipocytes under heightened insulin signaling to esterify and sequester fatty acids, thus limiting sphingolipid biosynthesis ([@bib50]). Ceramide-driven insulin resistance may be dependent on the particular chain length species that are present, either due to dietary exposure or relative expression levels of chain-specific ceramide synthases or ceramidases ([@bib11]; [@bib139]). Adipose tissue C16:0 ceramide, for example, strongly induces systemic insulin resistance ([@bib139]). The cytoprotective and insulin-sensitizing effects of adiponectin have been linked to its induction of ceramidase activity and ceramide conversion to sphingosine-1-phosphate ([@bib61]; [@bib57]). Adiponectin receptor agonism may thus demonstrate potent antidiabetic effects ([@bib100]). Future work manipulating sphingolipid enzymes specifically in adipocytes will further define the role adipocytes play in regulating systemic ceramide levels.

Adipocyte cytoskeletal remodeling, matrix communication, and adipose fibrosis.
------------------------------------------------------------------------------

Another consequence of unhealthy adipose tissue expansion in obesity is the rapid induction of a dense extracellular matrix ([@bib5]; [@bib131]) with adipocytes expressing a pro-fibrotic transcriptome ([@bib55]). Genetic mouse models with metabolically dysfunctional adipocytes often exhibit increased adipose ECM density ([@bib31]; [@bib35]). The mechanical interactions of adipocytes with this fibrous matrix have been identified as potential cues that drive adipocyte dysfunction. In tissue culture systems, adipocyte precursors and mature adipocytes both exhibit marked responses to mechanical stimulation ([@bib80]; [@bib121], [@bib122]). Culturing human adipocytes on dense, fibrous matrices leads to increased β1-integrin--dependent pro-inflammatory gene expression and cytoskeletal strain-activated transcriptional responses ([@bib103]). In pre-adipocytes, cytoskeletal remodeling of actin fibers prevents the nuclear translocation of MLK1 and allows PPARγ-mediated differentiation ([@bib99]). The coalescing mechanism of large lipid droplet formation is microtubule dependent ([@bib8]), and interfering with cytoskeletal remodeling disrupts lipid droplet maintenance and dynamics during lipolysis ([@bib101]). The dynamic size changes of adipocytes with expansion and reduction are thus critically dependent on the mechanical environment.

In addition, extracellular matrix remodeling is an important step in adipose expansion. Interactions with the matrix---and the matrix composition itself---regulate adipocyte health. Mice heterozygous for MMP14 exhibit a reduced capacity to remodel the matrix of expanding adipose tissue and thus have limited fat expansion ([@bib25]), though this effect was not apparent in MMP-9 knockout mice ([@bib142]). An inverse genetic model with specifically increased MMP activity has yet to be metabolically characterized; however, mice lacking TIMP-2 have reduced native MMP inhibition and exhibit expanded adipose tissue ([@bib64]). A similar effect was noted in mice lacking collagen 6 (Col6), a matrix collagen highly enriched in adipose tissue. These mice gained more weight, and had increased adipose depot size and massively hypertrophic adipocytes, but were metabolically healthier than their littermates with reduced inflammation ([@bib67]). Tissues from Col6 knockout mice have been used ex vivo to further demonstrate the intimate role of adipose tissue mechanical stability on adipocyte metabolic and cellular health ([@bib74]). Although adipose tissue fibrosis is unquestionably of profound physiological and clinical importance ([@bib131]), a recent study integrating ECM architecture and subclinical inflammation revealed a more complex relationship. Complete inhibition of local adipocyte inflammatory responses was associated with severe metabolic inflexibility and insulin resistance. We found that a minimal level of inflammation in the adipocyte microenvironment was required for extracellular matrix remodeling during expansion and that a failure to do so resulted in dysfunctional adipose tissue ([@bib150]).

Hypoxia in fat expansion.
-------------------------

As the adipocyte expands, adipose tissue interstitial oxygen tension decreases. Reduced oxygen tension has been directly measured in obese fat depots in mouse models and human subjects ([@bib158]; [@bib102]). HIF1α is a transcription factor that serves as an oxygen sensor in many cell types. Under normoxic conditions, HIF1α is rapidly degraded. However, hypoxic conditions stabilize HIF1α and permit up-regulation of genes containing HIF response elements as well as a distinct shift in the expression of a specific group of miRNAs, termed hypoxamirs ([@bib96]). HIF1α protein is highly enriched in expanding adipocytes due to the need for increased adipose tissue vascularization. Because of the decreased oxygen availability in hypoxic conditions, glycolytic metabolic programs prevail under such conditions ([@bib51]; [@bib108]). In fact, local increases in fatty acids can uncouple the mitochondria and further increase oxygen consumption ([@bib79]). Though HIF1α's downstream targets should elicit a tissue response to improve oxygen supply, tissue vascularization effects have a complicated relationship with adipocyte health that is potentially both inhibitory or supportive, depending on the physiological state of the adipocyte ([@bib129]). Direct inhibition of HIF1α improves adipose tissue health, further suggesting that other HIF1α responsive genes are more important for dysfunction than those that are specifically angiogenic ([@bib130]). Overexpression of HIF1α in the adipocyte proved to be more pro-fibrotic and pro-inflammatory than pro-angiogenic per se ([@bib51]). Adipocyte-specific deletion of HIF1α limited high-fat diet--induced adipose tissue inflammation and insulin resistance, and the tissue was equally vascularized as wild-type controls ([@bib79]). A recent report echoed these effects by linking the protective signaling of estrogen receptor α on limiting adipose hypoxia and fibrosis with HIF1α ubiquitination and deactivation ([@bib68]). In fact, the degree to which hypoxia prevails in adipose tissue may be directly proportional to adipocyte size. Large adipocytes (\>100 µm) approximate the diffusional limits of oxygen or physiological capillary spacing. Leptin secretion increases with adipocyte size, and leptin is a direct HIF1α transcriptional target ([@bib130]). As a result, systemic sensing of available adipose storage capacity can be measured by how much leptin is produced. Thus, local adipocyte hypoxia plays an essential signaling role for assessing systemic energy reserves and is translated into altered leptin levels in circulation.

Concluding remarks
==================

The adipocyte remains a mysterious cell full of surprises. Uniquely positioned to take up, store, and release free fatty acids depending on systemic nutritional status, it can cope with high concentrations of lipids without experiencing the lipotoxicity that essentially every other mammalian cell type is subject to. Once prompted to release fatty acids upon demand, the adipocyte also produces and releases several anti-lipotoxic adipokines ([@bib141]) to protect other tissues from the cytotoxic effects of high concentrations of fatty acids. The adipocyte is therefore a major producer of secreted products that regulate a wide range of physiological systems. In light of its unique position as a gate-keeper of high-energy reserves, the adipocyte is highly sensitive to hormonal cues (such as insulin), nutritional substrate-driven responses (such as glucose and lipids), and central signals conveyed through sympathetic innervation into the tissue. We unfortunately have tended to underestimate the function of the adipocyte as part of a mere storage organ. We now increasingly appreciate it as an endocrine cell that is a key component in the maintenance of systemic energy homeostasis.
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